




















































欧州宇宙機関ESA (European Space Agency)の最新のデータから、特に高品質なハロー星のデータ
（太陽からの距離の測定精度が10%程度のデータ）を取得し、その1万6000天体の運動情報を解析し















DM shapes in the Illustris simulation 487
Figure 9. Comparison of simulated MW analogues in Illustris and Illustris-
Dark with observations of the MW halo shape. We plot the distribution of
the inner halo (r = 0.15R200) shape parameters for haloes of mass 8 ×
1011–2 × 1012 M⊙ for both Illustris (red) and Illustris-Dark (black). The
orange distributions show the fixed-axis parameters (for q and s only), where
the halo minor axis is constrained to lie along the direction of stellar spin, as
is the case for certain observational results. The vertical lines show various
measurements derived from observations of MW stellar streams (solid lines)
and stellar kinematics (dashed lines). Arrows on observations denote lower
bounds.
restricted along the stellar disc spin. For MW analogues in Illustris,
we find that qFP = 0.88 ± 0.10 and sFP = 0.70 ± 0.11 compared
to qDMO = 0.67 ± 0.14 and sDMO = 0.52 ± 0.10 for Illustris-Dark.
These 1σ intervals are represented by shaded regions in Fig. 9. The
large shifts between the Illustris and Illustris-Dark distributions are
again results of the sphericalization by baryons. The high value of
qFP (close to unity) indicates that the Illustris haloes are close to,
but not completely axisymmetric. Observations of the azimuthal
abundance of MW disc stars (Bovy et al. 2014) near the Sun as well
as their kinematics (Bovy et al. 2015) constrain the halo axial ratio q
to be close to unity in the inner halo, which is highly disfavoured in
the DMO Illustris-Dark. The Illustris (red) and the fixed minor-axis
(orange) distributions are similar for the axial ratio q, indicating that
halo misalignment does not appreciably affect its determination.
For the axial ratio s, however, halo misalignment between stars and
DM causes a noticeable shift towards larger values, and results in
haloes appearing to be more spherical than if the stellar and DM
shapes were allowed to be misaligned. We obtain on average sfixed =
0.79 ± 0.15 in Illustris, when the halo minor axis is constrained
along the direction of the stellar spin.
In Fig. 9, the solid vertical lines show the measurements made
using stellar streams while dashed vertical lines are results from
stellar kinematics, most of which have focused on the minor-to-
major axial ratio s. Interestingly, these observational results seem
to be discrepant with one another, with a large dispersion and
with results for s ranging from 0.5 to 1. With the exception of
the Loebman et al. (2012) result, the Illustris haloes exhibit much
stronger agreement with these observations than Illustris-Dark. The
measurements using Sgr. dwarf (Ibata et al. 2001; Law & Majewski
2010; Vera-Ciro & Helmi 2013) are similar, and agree very well
with the Illustris shape distributions, lying within 1σ of the Illustris
predictions.
The results of Bovy et al. (2016) (magenta line) found a value
of s = 1.05 ± 0.14 (2σ : 0.79–1.33) for the MW, thus favouring an
extremely spherical halo. In Illustris, we find a mean misalignment
of 30◦ between the stellar disc spin and the halo minor axis for MW
analogues, through which we derive the fixed minor-axis results of
Fig. 9 (orange distributions). Given that the combined uncertainty
of the Illustris and Bovy et al. (2016) results (σ = 0.2) is smaller
than the difference in the mean values ("s = 0.26), we conclude
that the Bovy et al. (2016) measurement is more spherical and thus
disagrees with the Illustris predictions at the 1σ level.
5.2 Correlation with halo properties
We correlate the inner halo shape parameters with formation
time, concentration, and velocity anisotropy parameter, in Fig. 10,
with results from Illustris and Illustris-Dark shown in red and
black, respectively. The solid line shows the median values, while
dashed lines show the 25th and 75th central quartile. To better
quantify the correlation, we calculate the Spearman correlation
value ρ in Table 3, which measures the monotonicity of relationship
between the parameters. Correlations of − 1 or + 1 indicate exact
monotonicity, while ρ = 0 indicates no correlation.
Table 3 shows that halo shape correlates most strongly with
the velocity anisotropy parameter β in both runs, with stronger
correlations in Illustris-Dark compared to Illustris. In Illustris-Dark,
qDMO exhibits the strongest correlation with β, with a Spearman
correlation value of − 0.49. The strong correlation between halo
shape and the velocity anisotropy arises because the shape of the
collisionless DM halo has to be sustained by the velocity dispersion
(Allgood et al. 2006). In general, the axis ratios q and s anticorrelate
with β, while T correlates positively: haloes that are more dominated
by circular orbits are both more spherical and oblate. Interestingly,
the sphericity s and β do not correlate in Illustris.
For the halo formation time, we find from Fig. 10 similar trends
between the two runs: haloes that form earlier are both more
spherical and oblate. This is reflected in the Spearman correlation
values that are positive with q and s and negative with T, consistent
with previous N-body studies.
In contrast, the concentration parameter exhibits quite different
behaviours in Illustris and Illustris-Dark. In Illustris-Dark, the small
Spearman correlations (|ρ| ! 0.1) indicate very little correlation
between halo shapes and concentration. Including baryon physics
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